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Abstract 
The thermodynamic preference of a foreign atom for adsorption on versus intercalation into a graphitic 
surface is of fundamental and widespread interest. From an exhaustive first-principles density functional 
theory investigation for 38 typical elements over the periodic table, we reveal a quasilinear correlation 
between the Shannon effective ionic radius and the chemical-potential difference for a single atom from 
adsorption to intercalation at multilayer graphene surfaces. A critical Shannon radius is found to be 
around 0.10 nm, below (above) which intercalation (adsorption) is more favorable for elements with ionic-
like bonding after intercalation. Single atoms with van der Waals-biased bonding show some deviation 
from the linear relationship, while single atoms for the elements with covalent-like bonding do not favor 
intercalation relative to adsorption. An energy decomposition analysis indicates that the chemical-
potential difference determining the thermodynamic preference of a foreign atom for adsorption versus 
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ABSTRACT: The thermodynamic preference of a foreign atom for adsorption on versus 
intercalation into a graphitic surface is of fundamental and widespread interest. From an 
exhaustive first-principles density-functional-theory investigation for 38 typical elements 
over the periodic table, we reveal a quasilinear correlation between the Shannon effective 
ionic radius and the chemical-potential difference for a single atom from adsorption to 
intercalation at multilayer graphene surfaces. A critical Shannon radius is found to be 
around 0.1 nm, below (above) which intercalation (adsorption) is more favorable for 
elements with ionic-like bonding after intercalation. Single atoms with van-der-Waals-
biased bonding show some deviation from the linear relationship, while single atoms for 
the elements with covalent-like bonding do not favor intercalation relative to adsorption. 
An energy decomposition analysis indicates that the chemical-potential difference 
determining the thermodynamic preference of a foreign atom for adsorption versus 






        In the field of materials science, there are few goals as important as being able to tune 
properties of materials. Within the realm of two-dimensional (2D) materials, intercalation 
of foreign elements near the surface has been emerging as an exciting pathway toward 
such goals, particularly for graphene1,2. For example, Ca intercalation can induce 
superconductivity in bilayer graphene3−6, while Li absorption and intercalation in few-layer 
graphene are closely related to the modern energy-storage technology, e.g., the 
rechargeable Li-ion batteries7. Other examples include intercalated metals which can be 
used to engineer band gaps to achieve large-gap quantum-spin-Hall states8, potential 
spintronics devices9, 2D superconductors with the Giant Rashba effect10, etc.  Another goal 
for intercalation into graphene-based materials is to stabilize 2D metals against 
environmental degradation and to be integrated into heterostructure devices11. 
        At this point, however, there is no unambiguous understanding of which elements can 
intercalate. In this paper, we examine the intercalation of single atoms in multilayer 
graphene and determine the factors that control whether intercalation is favored or not, 
between graphene layers.  We thus develop a predictive tool which will be useful in any 
study of elemental intercalation in multilayer graphene, noting that multilayer graphene 
(as opposed to single-layer graphene) occurs commonly as a result of growth conditions. 
        In our previous experiments with transition-metal deposition on a graphite surface 
with point defects, we found that Dy,12 Cu,13,14 Ru,15 Fe,16,17 and Pt18 can intercalate 
underneath top graphene monolayers (GMLs) and form metal nanoislands or nanoclusters 
in the gallery between two GMLs near the graphite surface at temperatures from 600 K to 
1200 K. However, such intercalated metal nanostructures were not observed for Ag or Au 
deposition18. 
        Motivated by these experimental results, we performed DFT calculations and found 
that the intercalation of a single Dy, Cu, Ru, Fe, or Pt atom into the top gallery is favored by 
about 0.9 eV, 0.5 eV, 1.0 eV, 1.2 eV, or 0.2 eV over adsorption on top of graphite, 
respectively13,15,16,18. Then, we also performed calculations for Ag or Au and found that 
intercalation of a single Ag or Au atom is energetically clearly unfavorable relative to atop 
adsorption18. These DFT results were consistent with all the experimental observations. 
However, they did not address the question: why do some types of atoms (e.g., Dy, Cu, Ru, 
Fe, and Pt) prefer intercalation while other types of atoms (e.g., Ag and Au) prefer 
adsorption? To answer this question, we herein expand our calculations to include many 
more elements. In the first part of the investigation, we use 13 types of atoms, including 
nine elements (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt) in VIIIB group, three elements (Cu, Ag, 
and Au) in IB group, and one rare-earth element (Dy). In these calculations, we use a 4-GML 
substrate to model either the multilayer graphene or a graphite substrate as before13,15,16,18. 
For calculation details, see the Supporting Information. 
        Let us first examine the geometries of fully-relaxed structures. In Figure 1a,b, we 
illustrate the side views of such structures for an Ag and a Ru atom with a substrate with a 
4-GML substrate, as typical examples. For atop adsorption, the top GMLs have very weak 
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corrugations with the amplitudes of less than 0.01 Å and 0.03 Å for Ag and Ru in Figure 
1a,b, respectively, indicating that the contributions from the elastic strain of the GMLs to 
the total energies for adsorption are very small. Another notable feature is that the 
corrugations of top two GMLs for Ag intercalation are significantly larger than those for Ru 
intercalation, and therefore a significantly larger elastic contribution to total energy is 
created by intercalation of Ag. For a quantitative description of the strain due to the 
intercalation, we define 𝜁𝜁 = (∆𝑧𝑧/∆𝑧𝑧0 − 1) × 100%, where ∆𝑧𝑧 is the height difference 
between the highest C atom in the first GML (counted from the top) and the lowest C atom 
in the second GML after the intercalation (see Figure 1), and ∆𝑧𝑧0 = 3.35 Å is the value 
before intercalation, i.e., for a pure graphite slab. For Ru, ∆𝑧𝑧 = 3.89 Å corresponds to 𝜁𝜁 ≈
16%, while for Ag, ∆𝑧𝑧 = 4.34 Å corresponds to a significantly larger 𝜁𝜁 ≈ 30%. 
        To analyze the preference of adsorption or intercalation for a single foreign atom, we 
calculate the total energy difference ∆𝐸𝐸 = 𝐸𝐸int − 𝐸𝐸top from adsorption on top of the 
graphitic surface to intercalation in the topmost gallery. For the DFT analysis at 0 K, ∆𝐸𝐸 is 
equivalent to the chemical-potential difference ∆𝜇𝜇, according to the definition of chemical 
potential 𝜇𝜇, which was often used previously13,15,16,18 (the DFT values of 𝜇𝜇 and related 
energies for adsorption and intercalation of single atoms are listed in the Supporting 
Information). Adsorption is more favorable for ∆𝜇𝜇 = ∆𝐸𝐸 > 0, while intercalation is more 
favorable for ∆𝜇𝜇 = ∆𝐸𝐸 < 0. 
        To provide insight into the factors controlling ∆𝜇𝜇 = ∆𝐸𝐸, decomposition of total energies 
𝐸𝐸top and 𝐸𝐸int into elastic and electronic components is instructive. For conciseness of 
formulation below, we denote the single foreign atom, whole substrate, top first GML, and 
other GMLs as 𝑋𝑋, 0, 1, and 2 (see brown color in Figure 1), respectively. Using the 
decomposition described in the Supporting Information, the total energy difference can be 
expressed as ∆𝐸𝐸 = ∆𝐸𝐸elast + ∆Φ = �𝐸𝐸elastint − 𝐸𝐸elast
top � + �Φ𝑋𝑋1int + Φ𝑋𝑋2int + ∆𝐸𝐸0int − Φ𝑋𝑋0
top�, where 
Figure 1. Side views of fully-relaxed structures for adsorption and intercalation of a single 
Ag or Ru atom with 4- or 2-GML substrates. (a) Ag with 4 GMLs. (b) Ru with 4 GMLs. (c) Ag 
with 2 GMLs. (d) Ru with 2 GMLs. Brown 1 and 2 denote two parts of a substrate, and 
brown 0 denotes the whole substrate. 
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𝐸𝐸elastint > 0 (𝐸𝐸elast
top > 0) is the elastic contribution induced by the intercalated (adsorbed) 𝑋𝑋 
atom, Φ𝑋𝑋1int (Φ𝑋𝑋2int) describes the electronic interaction between 𝑋𝑋 and 1 (2) for 𝑋𝑋 in the 
gallery, Φ𝑋𝑋0
top describes the electronic interaction between 𝑋𝑋 and 0 for 𝑋𝑋 on top of the 
surface, and ∆𝐸𝐸0int   reflects the energy change of weak vdW interactions in the whole 
graphite slab due to the geometric structure change from adsorption to intercalation, as 
well as many-body interactions of 𝑋𝑋 with 1 and 2 after intercalation. 
        As seen in Figure 1 and already mentioned above, the top GMLs have very weak 
corrugation for adsorption, and thus we neglect 𝐸𝐸elast
top . In addition, ∆𝐸𝐸0int  is also negligible 
due to the weak vdW and many-body interactions. Then, in ∆𝜇𝜇 = ∆𝐸𝐸, the elastic 
contribution ∆𝐸𝐸elast ≈ 𝐸𝐸elastint  and the electronic contribution ∆Φ ≈ Φ𝑋𝑋1int + Φ𝑋𝑋2int − Φ𝑋𝑋0
top. In 
general, Φ𝑋𝑋1int ≠ Φ𝑋𝑋2int ≠ Φ𝑋𝑋0
top because the adsorption sites for the three cases are usually 
different from each other. However, from our DFT results (see the Supporting 
Information), the potential energy landscape of an 𝑋𝑋 atom on the graphite surface or in the 
gallery is often relatively flat. In this case, we can make a reasonable approximation of 
Φ𝑋𝑋1int ≈ Φ𝑋𝑋2int ≈ Φ𝑋𝑋0
top ≈ 𝐸𝐸ads, where 𝐸𝐸ads  is the adsorption energy. Then we have ∆𝜇𝜇 = ∆𝐸𝐸 =
∆𝐸𝐸elast + ∆Φ ≈ 𝐸𝐸elastint + 𝐸𝐸ads, which indicates that the thermodynamic preference of 
adsorption or intercalation is determined mainly by the competition between the 
adsorption energy (𝐸𝐸ads < 0) and the intercalation-induced elastic energy (𝐸𝐸elastint > 0). For 
definition of 𝐸𝐸ads  and a detailed formulation of these energies, see Section S2 and S3. 
       As described above, 𝐸𝐸elastint  is the energy gain created by the local elastic strain due to 
intercalation. One can imagine that if the intercalated atom behaves like an ion when it 
bonds with nearby C atoms, then the magnitude of local elastic strain should depend on its 
Figure 2. Shannon radius 𝑟𝑟 versus chemical-potential difference ∆𝜇𝜇 with a linear fit for 13 
types of metal single atom intercalated into and absorbed on graphite. 
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ionic radius. To test this expectation, in Figure 2 we plot the revised effective ionic radius 𝑟𝑟 
(often called the Shannon radius)19 as a function of ∆𝜇𝜇. Also note that the Shannon radius 𝑟𝑟 
for one specified element 𝑋𝑋 can vary, depending on charge 𝑞𝑞0, coordination number 𝑛𝑛, spin 
state, and experimental method or theoretical model19,20. In Figure 2, we use the 𝑟𝑟 values 
(Table S7.1) corresponding to the most common valences 𝑞𝑞0. For coordination numbers, 
we approximately take 𝑛𝑛 = 6, by considering the bonding structures between the 𝑋𝑋 atom 
and its surrounding C atoms in the gallery. For spin states, the 𝑟𝑟 values do not have 
significant difference between high and low spin states, and we take the values suggested 
by Ouyang20. From Figure 2, one can immediately see that Ag and Au with much more 
positive ∆𝜇𝜇 values, therefore being much less favorable for intercalation, have larger 𝑟𝑟 
values, while the other 11 elements with negative ∆𝜇𝜇 values (Pd, Pt, Cu, Rh, Dy, Ir, Ru, Ni, 
Fe, Co, and Os from small to large), therefore being more favorable for intercalation, have 
smaller 𝑟𝑟 values. Another feature of these datapoints is an apparent quasilinear variation. 
Therefore, we make a linear fit and obtain a critical ionic radius 𝑟𝑟c ≈ 0.96 Å by setting ∆𝜇𝜇 =
0, as indicated in Figure 2. The relatively high coefficient of determination, 𝑅𝑅2 ≈ 0.810, 
supports the quasilinear correlation. 
        In Figure 2, we only consider 13 transition metals. A consequential question arises: 
does the quasilinear behavior also apply for the whole periodic table? To answer this 
question, similar calculations for all elements are desirable, but the complete computation 
would be extremely demanding, especially using a 4-GML substrate. Hence, we only select a 
few typical elements for each group in the periodic table and use a 2-GML substrate 
(commonly called “bilayer graphene”) instead of the above 4-GML substrate. Also, to 
ensure that the DFT results from 2-GML calculations can substantially reproduce the 
results from the above 4-GML calculations, we recalculated Au, Ag, Pt, Co, Cu, Dy, Ru, and Fe 
with 2 GMLs, and the results indeed do not significantly change relative to 4-GML results, 
Figure 3. Strain parameter 𝜁𝜁 versus chemical-potential difference ∆𝜇𝜇 for 33 types of single 
atom with a 2-GML substrate (i.e., bilayer graphene). 
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as compared in Figure S4 for ∆𝜇𝜇 and in Figure 1 for ∆𝑧𝑧. Besides these eight elements in IB, 
IIIB, and VIIIB groups, we calculate 27 elements in other different groups, including H, Li, 
Na, K, and Cs in IA, Ca and Ba in IIA, Y and Gd in IIIB, Ti in IVB, Nb in VB, Mo in VIB, Re in 
VIIB, Hg in IIB, Al in IIIA, C, Si, Sn, and Pb in IVA, N and Bi in VA, O and Se in VIA, F in VIIA, 
and Ar in VIIIA. 
        We first look at the strain parameter 𝜁𝜁 for 33 types of single atoms after intercalation 
into bilayer graphene, as plotted in Figure 3. For the 10 elements (Cs, Hg, Ba, Ar, Bi, K, Pb, 
Sn, Al, and Se on the upper right in Figure 3) with largest 𝜁𝜁 > 38%, ∆𝜇𝜇 is always greater 
than zero, because the elastic contribution 𝐸𝐸elastint  dominates the electronic contribution ∆Φ. 
For the other 14 elements (on the left of the vertical line in Figure 3), 𝜁𝜁 < 38% and ∆𝜇𝜇 < 0, 
indicating that the elastic energy gain is not sufficient to exceed the electronic contribution 
∆Φ. Here we emphasize that a significantly larger 𝜁𝜁 does not necessarily result in ∆𝜇𝜇 > 0, 
e.g., Gd, Dy, Y, and Ca with 𝜁𝜁 > 34% have ∆𝜇𝜇 < 0, while the 9 elements (Si, Au, Ag, Na, F, C, 
N, O, and H) with smaller 𝜁𝜁 < 34% have  ∆𝜇𝜇 > 0, i.e., to determine the favorability of 
adsorption or intercalation, both 𝐸𝐸elastint  and ∆Φ should be considered, in spite of the fact that 
larger Shannon radii r overall correspond to larger 𝜁𝜁 (see Figure S5). 
        Before plotting ionic radius versus ∆𝜇𝜇, it is noted that nonmetal elements should 
generally not show ionic-like bonding with surrounding C atoms, and therefore such 
elements should be excluded from the plot. This expectation is verified by examining the 
electron localization functions (ELFs)21,22, where H, C, Si, N, and O are more covalent-like as 
shown by asymmetric bonding features with C atoms in one GML after full relaxation 
(Figure 4d and Figure S6), while the ELF for F or Se is more symmetric in the middle of the 
gallery (Figure 4b and Figure S6), and therefore less covalent. For both ionic-like and vdW-
biased bonding, the ELF can be relatively symmetric (generally not perfectly symmetric 
because of AB stacking of the bilayer graphene). 
        To identify ionic-like or vdW-biased bonding, we consider a vdW ratio parameter23 𝜂𝜂 =
𝑑𝑑NN/(𝑟𝑟vdW + 𝑟𝑟vdW,C), where 𝑑𝑑NN is the nearest-neighbor distance between X and C in the 
gallery from our DFT calculation (Table S7.1), 𝑟𝑟vdW is the vdW radius of X, and 𝑟𝑟vdW,C =
2.04 Å is the vdW radius of C.24 An 𝜂𝜂 value close to 1 indicates vdW-like bonding, while an 𝜂𝜂 
Figure 4. (a) The vdW ratio parameter 𝜂𝜂 for 33 types of single atoms intercalated in bilayer 
graphene. Typical ELFs for (b) vdW-biased, (c) ionic-like, and covalent-like (d) bonding. 
Red to blue colors in (b), (c), and (d) connote ELFs from high to low. The ELF plane for each 
image is determined by the foreign atom and its two nearest-neighbor C atoms. 
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value towards 0 can correspond to ionic- or covalent-like bonding. The 𝜂𝜂 values for 33 
types of single atoms intercalated in bilayer graphene are plotted in Figure 4a. The largest 
value (𝜂𝜂 = 0.65) among the 33 elements is for Ar, which is consistent with the well-known 
fact that the bonding of an inert gas atom with other atoms is generally via vdW interaction. 
It is interesting that 𝜂𝜂 values for all metals in IUPAC Groups 1 to 11 lie between 0.44 to 0.52 
(dashed lines in Figure 4a), with an average of 0.48 roughly between 0 and 1. This is 
consistent with the ionic-like bonding features of these metal atoms with surrounding C 
atoms, where the ELF around a metal atom is approximately symmetric and spherical-like 
(or elliptic-like) with different extents for different elements, as seen in Figure 4 and Figure 
S6. Thus, we plot the Shannon radii 𝑟𝑟 of these 20 elements in Groups 1 to 11 versus ∆𝜇𝜇 as 
the green dots in Figure 5. Very similar to Figure 2, these datapoints exhibit a quasilinear 
behavior. From a linear fit, we obtain a critical ionic radius 𝑟𝑟c ≈ 1.02 Å by setting ∆𝜇𝜇 = 0. 
Again, the relatively high coefficient of determination, 𝑅𝑅2 ≈ 0.885, supports the quasilinear 
correlation. The similarity of the fitted green lines in Figure 5 to Figure 2 indicates that the 
quasilinear behavior is insensitive to the substrate thickness. 
        Hg in Group 12 has the second largest 𝜂𝜂 = 0.59, and the bonding is therefore vdW-
biased so that the electronic contribution ∆Φ is small. The correspondingly large vdW-
biased radius results in the second largest 𝜁𝜁 = 56% and thus largest ∆𝜇𝜇 = 3.158 eV in 
Figure 3, i.e., the intercalation of a Hg atom is most unfavorable. For comparison, we also 
put Hg with its Shannon radius 𝑟𝑟 into the plot in Figure 5, although the above vdW-biased 
radius can  make the datapoint (brown square) for Hg even closer to the fitted green line. 
For Al in Group 13, the common cation Al3+ has a relatively small19 𝑟𝑟 = 0.535 Å but with a 
large and positive ∆𝜇𝜇 = 1.471 eV, which is not consistent with the quasilinear behavior 
potted in Figure 5. However, we notice that Al has a larger value of 𝜂𝜂 = 0.554 than all 
elements in Groups 1 to 11. As will mentioned below, the behavior of Al is similar to that of 
Figure 5. Shannon radius 𝑟𝑟 versus chemical-potential difference ∆𝜇𝜇 for 29 types of single 
atoms from adsorption on to intercalation into a bilayer graphene. The IUPAC groups of 
elements are indicated. 
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Se based on their ELFs in Figure 4b. Metals Sn, Pb, and Bi in Groups 14 and 15 also have 
relatively larger 𝜂𝜂 values from 0.52 to 0.56, i.e., the bonding for each of them is relatively 
vdW-biased. This explains why the datapoints (blue diamonds) with their Shannon radii 𝑟𝑟 
for these three elements (Table S7.1) are significantly lower than the fitted green line in 
Figure 5, because the vdW-biased radii are actually larger than their Shannon radii. 
        In Figure 5, we exclude H and C, which have clear covalent bonding far from ionic 
bonding, as indicated by their small 𝜂𝜂 values from 0.3 to 0.4 as well as the ELF features (see 
Figure 4) discussed above. For Si, 𝜂𝜂 = 0.47 is very close to the 𝜂𝜂 values for metals in Groups 
1 to 11, but its ELF feature is covalent-like, and therefore we also exclude Si in Figure 5. N 
and O have small 𝜂𝜂 values from 0.37 to 0.38 and their ELF features are covalent-like, but we 
include them in Figure 5 as a comparison, where they are plausibly treated as anions with 
their Shannon radii. Se and F have larger 𝜂𝜂 values from 0.54 to 0.56 than metals in Groups 1 
to 11 and their ELF features are noncovalent-like, and thus we treat them as vdW-biased 
anions and also plot them with their Shannon radii in Figure 5 as a comparison. In fact, the 
datapoints for N, O, and F anions are close to the fitted green lines for metal cations in 
Groups 1 to 11. Finally, we are back to Al. As noted above, the common cation Al3+ is far 
from the quasilinear behavior potted in Figure 5, but considering the large 𝜂𝜂 = 0.554 and 
the similarity to Se in ELF, we also plausibly treat it as a vdW-biased anion with an 
estimated 𝑟𝑟 (Table S7.1) and plot it in Figure 5. Thus, the datapoints for Se and Al can be 
fairly close to the fitted green line. 
        We emphasize that our above analysis focuses on the thermodynamic preference of 
interaction for isolated foreign atoms. A comprehensive understanding of experimentally-
observed intercalation behavior also requires consideration of other factors. For example, 
our results show that an isolated Cs or K atom does not favor intercalation, thus 
demonstrating that the observed formation of Cs intercalation structures tied to cluster 
formation at portal defects25 is intrinsically a many-body phenomenon, as is intercalation 
of K26 and other alkali metals which requires an excess of intercalate. For other systems, 
e.g., Cu,13 Ru,15 Fe,16,17 Pt,18 Dy,12 etc., where nanoclusters form away from portal defects, 
the energetics of isolated atom for intercalation can be a critical component, as can be other 
aspects of system energetics (e.g., atom-atom interactions) and kinetics. 
         In conclusion, we have performed first-principles DFT calculations of 38 elements over 
the periodic table for a single atom adsorbed on top of the surface and intercalated into the 
gallery of a 4-GML or 2-GML substrate. From the DFT total-energy (or chemical-potential) 
differences, we analyze the thermodynamic preference of a single atom for intercalation or 
adsorption. The findings in this work are: (i) there is a quasilinear correlation between the 
Shannon effective ionic radius of a single atom and the chemical-potential difference for 
ionic-like bonding between the single atom and its surrounding C atoms; (ii) there is a 
critical Shannon radius 𝑟𝑟c ≈ 1 Å, above which adsorption is more favorable, and below 
which intercalation is more favorable; (iii) all metal cations in Groups 1 to 11 exhibit 
quasilinear behavior, and the datapoints for the other elements (cations or anions) with 
vdW-biased bonding can still plausibly follow the quasilinear behavior but with relatively 
larger deviations; (iv) single atoms for the elements with covalent-like bonding do not 
favor intercalation relative to adsorption. We expect that the findings and analyses 
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